Antimicrobial levels of reactive oxygen species (ROS) are produced by the mammalian host defense to kill invading bacteria and limit bacterial colonization. One main in vivo target of ROS is the thiol group of proteins. We have developed a quantitative thiol trapping technique termed OxICAT to identify physiologically important target proteins of hydrogen peroxide (H 2O2) and hypochlorite (NaOCl) stress in vivo. OxICAT allows the precise quantification of oxidative thiol modifications in hundreds of different proteins in a single experiment. It also identifies the affected proteins and defines their redox-sensitive cysteine(s). Using this technique, we identified a group of Escherichia coli proteins with significantly (30 -90%) oxidatively modified thiol groups, which appear to be specifically sensitive to either H 2O2 or NaOCl stress. These results indicate that individual oxidants target distinct proteins in vivo. Conditionally essential E. coli genes encode one-third of redoxsensitive proteins, a finding that might explain the bacteriostatic effect of oxidative stress treatment. We identified a select group of redox-regulated proteins, which protect E. coli against oxidative stress conditions. These experiments illustrate that OxICAT, which can be used in a variety of different cell types and organisms, is a powerful tool to identify, quantify, and monitor oxidative thiol modifications in vivo.
chaperone ͉ proteomics ͉ thiol modification M any physiological and pathological conditions are associated with the accumulation of ROS, a condition termed oxidative stress (1) . Prokaryotes experience severe oxidative stress conditions during the host defense in macrophages and neutrophils, where high levels of H 2 O 2 and hypochlorite (NaOCl) are generated to kill the invading microorganisms (2, 3) .
ROS readily react with and damage vital cellular structures, among them lipids, DNA, and proteins (4) . Over the past years, an increasing number of proteins have been identified that are not damaged by oxidative stress conditions but use ROSmediated thiol modifications to specifically regulate their protein function (5) . Reversible oxidation of structurally or functionally important cysteine residues enables these redox-regulated proteins to rapidly regulate such diverse processes as gene expression (e.g., OxyR), protein quality control (e.g., Hsp33) and metabolic fluxes (e.g., GapDH) in response to accumulating oxidants (6 -8) . Many of these redox-mediated functional changes have been found to significantly contribute to the oxidative stress survival of pro-and eukaryotic cells.
Identification of proteins with redox-active cysteines has traditionally been a time-consuming endeavor, typically done by biochemical characterization of proteins with highly conserved cysteines that were selected based on genetic experiments (9) . The recent interest in redox-regulated proteins fueled by the increasing recognition of their important physiological roles however, led to the development of several global thiol trapping techniques (10) (11) (12) (13) . These methods, albeit capable of detecting proteins with redox-sensitive cysteines in lysates and intact cells, often lack the ability to directly identify the proteins or cysteines involved, and more importantly, to quantify the extent of oxidative thiol modifications. The ability to distinguish oxidation of nonconserved cysteines in a small subpopulation of a protein from the modification of one or more highly conserved cysteines in the majority of the protein population is, however, absolutely critical for evaluating the potential physiological significance of the identified oxidative thiol modifications. This is crucial for identifying redox-regulated proteins that might play important roles in the oxidative stress protection of pro-and eukaryotic cells, and to determine the target proteins of ROS, whose altered functional state might explain the observed oxidative stressinduced changes in the physiology of an organism.
Here we provide a quantitative snapshot of in vivo thiol modifications in cells treated with sublethal concentrations of either H 2 O 2 or hypochlorite, using a powerful mass spectrometric approach that we have developed and termed OxICAT. We identified a specific set of redox-sensitive target proteins, defined the affected cysteine(s) and determined the precise extent of their oxidative thiol modifications. Analysis of the oxidative stress resistance of mutant E. coli strains lacking these redoxsensitive proteins allowed us to identify a number of novel redox-regulated proteins, which have not previously been shown to be involved in the oxidative stress protection of E. coli.
Results and Discussion
The Concept of OxICAT. To quantitatively describe the extent of oxidative thiol modifications in proteins, we combined a mass spectrometric global approach using isotope coded affinity tag (ICAT) technology (14-16) with our previously established differential thiol trapping technique (10) . Both methods rely on the rapid and irreversible modification of accessible cysteines in proteins with the thiol-trapping reagent iodoacetamide (IAM). The ICAT reagent consists of the IAM-moiety, a cleavable biotin affinity tag, and a 9-carbon linker, which exists in an isotopically light 12 C-form (herein referred to as light ICAT) and a 9-Da-heavier isotopically heavy 13 C-form (herein referred to as heavy ICAT) (14) . The differential thiol trapping technique is based on the sequential reaction of a nonradioactive and radioactive variant of IAM with accessible cysteines in proteins and subsequent visualization using 2D gels (10).
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We realized that combining ICAT chemistry with our differential thiol trapping technique should allow us to precisely determine the oxidation state of proteins both in vitro and in vivo using mass spectrometry (MS), and therefore termed this method OxICAT (Fig. 1) . In the first step of OxICAT, we denature the proteins to gain access to all reduced cysteines and label them irreversibly with light ICAT. We then reduce all reversible oxidative thiol modifications within the same sample using the strong thiol reductant Tris(2-carboxyethyl)phosphine (TCEP) and modify all newly accessible cysteines with heavy ICAT. Importantly, this procedure generates chemically identical proteins, which only differ in the specific mass of their ICAT-label (9 Da additional mass per heavy ICAT) depending on their previous redox state. After trypsin digest and affinitypurification of the ICAT-labeled peptides, MS for quantification and tandem MS/MS for peptide identification is conducted. Based on this scheme, the OxICAT method detects all reversibly oxidized cysteines, whereas higher oxidation states, such as sulfinic and sulfonic acids, will not be detected. However, substitution of the nonspecific thiol reductant TCEP with more specific reductants such as glutaredoxin or ascorbate will allow the use of OxICAT to specifically detect glutathionylations or nitrosylations, respectively (17, 18) .
Peptides that contain originally only reduced cysteines are predicted to yield single mass peaks corresponding to the light ICAT-labeled form. Peptides containing originally oxidized cysteines will exert masses that are exactly 9 Da higher (or multiples thereof) than the corresponding light ICAT peptides, depending on the number of oxidized cysteines present. Many cellular proteins are expected to be in equilibrium with their cellular redox environment and will be present in both oxidized and reduced form. The corresponding peptides should thus be present both in the light and heavy ICAT-modified form (i.e., ICAT pairs). Because our ICAT-labeled peptides are chemically identical, they will ionize to the same extent. We can thus precisely determine their relative ion intensities, which correlate directly to their relative abundance. Therefore, the ratio of oxidized and reduced peptide can be calculated, which reflects the extent of oxidative thiol modifications present in the protein population. MS/MS analysis of the peptide is used to identify the respective protein and, at the same time, the oxidation sensitive cysteine(s). Although Sethuraman and coworkers have previously used ICAT technology to determine relative changes in the availability of free protein thiols in two separate samples (13, 15, 16) , the OxICAT method provides the absolute ratio of reduced to oxidized protein within a single sample. This makes OxICAT also ideally suited for analyzing changes in the redox status of proteins in cells exposed to stress conditions, because neither changes in protein expression nor protein stability influence the OxICAT result.
Using OxICAT to Monitor Oxidative Thiol Modifications in Vitro. To investigate whether OxICAT can be used to quantitatively describe oxidative thiol modifications, we decided to test it on the redox-regulated chaperone Hsp33 (6) . Oxidative stress-induced formation of two intramolecular disulfide bonds converts reduced, inactive Hsp33 into a potent chaperone that protects bacteria against oxidative stress (19) . Recent studies suggested that although one disulfide bond in Hsp33 forms very quickly, formation of the other disulfide bond (Cys-232-Cys-234) is slow and might represent the rate-determining step in Hsp33's activation (20) . However, appropriate quantitative methods to test this model were not available.
To monitor the kinetics of thiol modifications during Hsp33's activation process, we incubated reduced Hsp33 with H 2 O 2 at 43°C (20) . At defined time points, we removed aliquots and either tested them for chaperone activity or used them for our OxICAT labeling. To monitor the oxidation state of the two critical cysteines Cys-232 and Cys-234, we focused our OxICAT analysis on the Hsp33-232-236 peptide. We expected a mass peak at m/z ϭ 1023.4710 if both cysteines were originally reduced or an 18 Da heavier mass peak (m/z ϭ 1041.5314) if both cysteines were originally oxidized. In reduced Hsp33, the majority of the Hsp33-232-236 peptide revealed an m/z value of 1023.46 ( Fig. 2A) , demonstrating that both cysteines were predominantly reduced before Hsp33's activation. Upon exposure of Hsp33 to oxidizing conditions, we observed an initial lag phase, in which the thiol status of the two critical cysteines remained largely unchanged. This lag phase correlated very well with the observed lag phase in Hsp33's activation process (Fig.  2D ). Upon further incubation of Hsp33 under oxidizing conditions, the reduced mass peak gradually decreased while two new mass peaks appeared (Fig. 2C) . One of these mass peaks corresponded to the fully oxidized peptide (observed m/z ϭ 1041.55) (Fig. 2B ), whereas the other mass peak corresponded to an oxidation intermediate of Hsp33, in which only one of the two cysteines is oxidized whereas the other one is still reduced (observed m/z ϭ 1032.51). Although this intermediate has been observed before, its physiological relevance was unclear, in part due to an inability to quantify its abundance. Using the OxICAT method, we now demonstrated that this oxidation intermediate is indeed an on-pathway intermediate. It slowly converts into the fully oxidized species with a rate that correlates well with Hsp33's rate of activation ( Fig. 2 C and D) . We concluded from these results that the formation of the Cys-232-Cys-234 disulfide bond is most likely the rate-determining step in Hsp33's activation. These results illustrate the unique ability of OxICAT to precisely quantify oxidative thiol modifications at distinct cysteines within a protein.
Visualizing Oxidative Thiol Modifications in Vivo. Our Hsp33 results indicated that the OxICAT method should be well suited to identify other proteins that use redox-sensitive cysteines to respond to and possibly protect against oxidative stress. As a first step toward this goal, we used OxICAT to quantitatively assess the global redox status of proteins in exponentially growing E. coli cells. Because of the high sample complexity, we separated the ICAT-labeled peptides by liquid chromatography (LC) and analyzed the resulting 192 Fig. 1 . Determining the oxidation state of protein thiol using ICAT technology (OxICAT). A hypothetical cellular protein, which exists in either the reduced (Upper) or disulfide-linked form (Lower), is incubated under denaturing conditions to expose all of its cysteine side chains. In step I, isotopically light 12 C-ICAT reagent (green ovals) is added, which irreversibly modifies all reduced cysteines in the protein. In step II, all oxidized cysteines are reduced with Tris(2-carboxyethyl)phosphine (TCEP) and subsequently modified with isotopically heavy 13 C-ICAT reagent (red ovals). In step III, the protein mixture is digested and ICAT-labeled peptides are purified by using the biotin-affinity tag. In step IV, quantitative MS of the protein mixture reveals the extent of thiol modification in any given peptide. Peptide sequence and identity of the modified cysteine are determined by MS/MS.
fractions by MS. The 8 highest intensity peaks in the parental mass spectrum of each fraction were sequenced by MS/MS. To analyze the LC-MS data, we used the open-source software msInspect, which describes the series of parental mass spectra as image representation (21) (Fig. 3) . Whereas ICAT-labeled peptides are represented as black signals, ICAT-pairs are represented by two signals that show the same elution profile but are 9 Da (or multiples thereof) apart from each other on the y axis (Fig. 3) . In an average experiment, we identified Ϸ120 unique ICAT-modified peptides with an ion-score of 95% or higher (see data deposition footnote). About 10% of the identified peptides incorporated exclusively heavy ICAT-label, indicating that they are fully oxidized in vivo [supporting information (SI) Table 2 in SI Appendix], whereas a subpopulation of peptides eluted as ICAT pairs, indicating that the proteins are only partially oxidized in vivo. The remaining peptides were almost exclusively labeled with light ICAT reagent. This result was in excellent agreement with earlier studies that showed that the majority of cellular proteins harbors reduced cysteines in vivo (10) .
OxICAT Provides a Quantitative Assessment of the Cellular Redox
Status. Analysis of the ICAT pairs revealed a number of cytoplasmic proteins that are partially (Ͼ20%) oxidized under our aerobic growth conditions. We ascertained that we are not introducing any thiol modifications during the sample preparation (SI Fig. 4 ) and concluded from these results that E. coli cells are exposed to a considerable amount of ROS during aerobic growth. This observation agrees with earlier reports in both E. coli (10) and yeast cells (22) and provides an excellent explanation for the essential roles that the thioredoxin and glutaredoxin systems play in maintaining the reducing character of pro-and eukaryotic cytoplasm (23) .
Proteins that are already significantly oxidatively modified in exponentially growing E. coli cells include the antioxidant proteins alkyl hydroperoxidase AhpC (Ϸ38% oxidatively modified) and thiol peroxidase Tpx (Ϸ35% oxidatively modified). Both proteins use disulfide bond formation as catalytic mechanism to detoxify ROS in vivo (24, 25) . Another significantly oxidized cytoplasmic protein is the redox-sensitive glyceraldehyde-3-Pdehydrogenase (GapA). Although GapA's redox regulation has been suggested to involve S-glutathionylation of its active site cysteine Cys-149 (26), we found Ͻ10% of molecules to be modified at Cys-149 alone (SI Fig. 4 in SI Appendix). The majority of oxidized GapA molecules appeared to be modified at both Cys-149 and the equally conserved Cys-153, suggesting that disulfide bond formation might be the predominant redoxregulatory mechanism of GapA. The high percentage of oxidation (Ϸ55%) and thereby partial inactivation (26) of this crucial glycolytic enzyme under aerobic growth conditions makes it tempting to speculate that ROS-mediated attenuation of GapA activity is a strategy to regulate glycolysis under conditions that produce considerable amounts of ROS. This mechanism might contribute to the Pasteur effect in bacteria, which describes the influence of oxygen on the glucose metabolism (27) . Similar observations have recently also been made in aerobically growing yeast cells, where a large proportion of glycolytic enzymes including GapA were shown to be oxidatively modified in vivo (22) .
Using OxICAT to Identify Redox-Sensitive E. coli Proteins. Although the cellular response to H 2 O 2 has been extensively studied, very little is known about the cellular effects of hypochlorite. This is very surprising, given that hypochlorite, an active ingredient of household bleach, is the most widely used disinfectant known. Moreover, it has been recently suggested that NaOCl is also involved in limiting bacterial colonization at mucosal barrier epithelia (3). This is particularly important for noninvasive enterobacteriae, which are not likely to encounter the oxidative burst of phagocytic cells but will be frequently exposed to oxidants in the intestine and other mucosal surfaces. Our ability to precisely quantify oxidative thiol modifications in proteins enables us now to globally determine physiologically relevant target proteins of defined ROS in vivo.
To identify both H 2 O 2 andNaOCl redox-sensitive proteins, we treated exponentially growing E. coli cells with oxidant concentrations that transiently inhibit their growth without reducing the viable cell count (SI Fig. 5 in SI Appendix). Similar concentrations of H 2 O 2 , for instance, have been used in earlier proteomic studies designed to investigate the E. coli oxidative stress response (28) . To detect proteins that are rapidly oxidatively modified in vivo, we then harvested cells 10 min after addition of the oxidants and conducted our OxICAT thiol trapping experiments. To directly compare individual LC/MS runs, we designed and implemented new software (see SI Appendix), which is available as extension for msInspect (see data deposition footnote). This program automatically identifies and matches peptides across multiple LC runs and calculates precise changes in the oxidation status of hundreds of different proteins. To be considered redox-sensitive, only peptides that showed a more than 1.5-fold increase in oxidative thiol modification upon exposure to ROS were selected.
We identified almost twice as many redox-sensitive peptides under NaOCl-stress conditions (Table 1 ) than under peroxidestress (SI Table 3 in SI Appendix), confirming earlier observations that hypochlorite is a significantly more potent oxidant (29) . Interestingly, only eight of the identified proteins (Table 1) and two nonidentified peptides (data not shown) harbored cysteines that reacted with both oxidants. These proteins included the previously identified Tpx, GapA, and proteins that were found to contain ROS-sensitive cysteines in other organisms (e.g., Mdh, GlyA) (30) . Importantly, although these proteins have been previously shown to harbor redox-cysteines, it was unclear what proportion of these proteins became oxidatively modified under stress conditions. With OxICAT, we could now demonstrate that at least 30% and up to 90% of each of our identified protein populations is oxidatively modified at one or more cysteines. This apparently can have significant physiological consequences as has been shown for GapA, whose oxidative stress-induced inactivation was found to cause a massive decrease in intracellular ATP levels (19, 26) . Additionally, OxICAT analysis provides directly the identity of the cysteine(s) affected by the oxidative stress treatment (Table 1, column 3) . This, in turn, allows predictions about potentially significant functional or structural changes that are introduced by the observed thiol modifications.
Apart from the known redox-sensitive proteins that we identified as target proteins of both H 2 O 2 and NaOCl stress, we also identified a number of proteins that have not been previously shown to have redox-sensitive cysteines. These proteins included ProQ, a regulator protein involved in osmoregulation, the 50S ribosomal protein L14, and a putative amidotransferase YafJ.
The majority of our proteins with NaOCl-sensitive cysteines (24 identified proteins, 10 nonidentified peptides) differed significantly from our proteins with H 2 O 2 -sensitive cysteines, indicating that the two physiological oxidants have a largely distinct set of in vivo target proteins (Table 1, SI Table 3 in SI Appendix, and data not shown). This specificity might reflect the specific mode of action of H 2 O 2 and NaOCl and/or a distinct reactivity of thiol groups in individual proteins. Although H 2 O 2 is considered to be a rather mild oxidant, which is thought to cause (27), essential E. coli gene under our growth conditions. For sensitivity, refer SI Fig. 7 in SI Appendix. † Peptide also identified under H2O2 stress. ‡ At this mass, we additionally identified the membrane protein ugpE.
cysteine oxidation via sulfenic acid formation, NaOCl rapidly forms sulfenyl chlorides, which then produce either disulfide bonds or oxy acids (29) . So far, it is unclear what determines the reactivity of individual cysteines toward specific reactive oxygen or nitrogen species (RNS). Our OxICAT method provides us now with a sensitive technique to identify the proteins that are redox-sensitive in response to treatment with any given oxidant. Our future challenge will be to use these data to obtain a comprehensive view about what it is that makes individual proteins redox-sensitive. It is interesting to note that ROS and RNS appear to preferentially target thiol groups of proteins, whose genes are conditionally essential for growth. Although we found that 25 to 30% of our H 2 O 2 and NaOCl-sensitive proteins are encoded by conditionally essential genes, more than 60% of RNS-target proteins in Mycobacterium tuberculosis and E. coli where encoded by genes that are essential for growth (31, 32) . Altering the functional state of one or more of these proteins is the likely cause for the observed growth inhibition of E. coli upon treatment with distinct ROS or RNS. Identification of the proteins that are responsible for the observed oxidative-stress induced growth inhibition might reveal attractive targets for new antimicrobial therapies.
The hallmark of cysteine-mediated redox-regulation is the in vivo reversibility of thiol modifications. Treatment of E. coli cells with NaOCl in the presence of chloramphenicol and analysis of the thiol oxidation status after 60 min of incubation revealed a significant reduction in the oxidative thiol status of our proteins (SI Fig. 6 in SI Appendix). This result suggested that the thioredoxin and/or glutaredoxin systems are able to reduce NaOCl-induced thiol modifications and revealed that we have indeed identified a number of novel redox-regulated proteins in E. coli.
Identification of Redox-Regulated Proteins Involved in Oxidative
Stress Defense. Over the past years, a number of redox-sensitive proteins have been discovered that use oxidative thiol modifications to protect organisms against oxidative stress-induced cell death (9) . To investigate whether some of our newly identified proteins are involved in oxidative stress protection of E. coli, we tested the H 2 O 2 and NaOCl sensitivity of E. coli mutant strains, which individually lack the genes encoding our nonessential H 2 O 2 and NaOCl-sensitive proteins. Of the 10 mutant strains that we tested for H 2 O 2 sensitivity and the 17 that we analyzed for NaOCl sensitivity, 3 and 7 strains, respectively revealed a significant increase in oxidative stress sensitivity (Table 1 and SI  Table 3 and SI Fig. 7 in SI Appendix). Deletion of either the mdh gene or the yggX gene was found to cause an increase in both H 2 O 2 and NaOCl stress sensitivity, indicating that both proteins generally protect E. coli against oxidative stress. Interestingly, a NAD ϩ -dependent MDH homologue from higher plants has recently been identified as a thioredoxin substrate (33) . It is therefore tempting to speculate that the abundant NAD ϩ -dependent E. coli MDH might exert oxidative stress protection by increasing the in vivo turnover of oxidants using thioredoxindependent redox-cycling.
Deletion of yggX decreased viability of E. coli cells by more than three orders of magnitudes over a wide range of different oxidant concentrations (SI Fig. 7 in SI Appendix). This observation, together with the fact that the single Cys-7 in YggX is absolutely conserved, suggests that redox-regulation of YggX plays a crucial role in the oxidative stress protection. This conclusion agrees with previous studies in Salmonella enterica, which showed that YggX protects bacteria against superoxide stress and requires its single invariant cysteine (Cys-7) to reduce Fe 2ϩ -induced oxidative damage of DNA (34) . It remains to be determined to what extent oxidative modification of Cys-7 contributes to functionally important changes in the oligomerization state of YggX, its metal-binding properties or its potential detoxifying activities.
E. coli mutant strains that we found to be particularly sensitive toward NaOCl stress, had deletions in either tufA, acnB or the yhiF gene. Although the increased sensitivity of tufA deletion strains is probably due to oxidative stress-induced changes in Ef-TU activity, which have a larger impact in cells that only express Ef-TU from the tufB gene, the measures for the increased sensitivity of acnB mutants is less clear. Aconitase is a well-known, superoxide-sensitive enzyme, whose oxidative inactivation has been extensively used as landmark of aging cells and organisms (35) . The third gene yhiF, whose deletion renders E. coli highly susceptible to NaOCl stress, encodes a putative transcriptional regulator. This result makes it tempting to speculate that YhiF might be a transcriptional regulator that is responsible for the NaOCl response in E. coli.
Conclusions
Accumulation of ROS and RNS causes severe oxidative damage. As such, oxidative stress is not only a powerful antimicrobal strategy used by the mammalian host defense but also the proposed underlying culprit of aging, diabetes, and various neurodegenerative diseases (36) . One of the most sensitive targets in proteins are the thiol groups, which react rapidly with both ROS and RNS. It is via reversible thiol modifications that transcriptional (e.g., OxyR, Yap1) and posttranslational (e.g., Hsp33, Prx-2) responses are triggered and that physiological processes (e.g., GapA) start to change during oxidative stress conditions (9) . To identify target proteins that use redoxsensitive thiol groups to modulate their protein activity, the monitoring of relative changes in the overall thiol oxidation state (10, 11, 13, 15, 22) or the selective identification of proteins with distinct thiol modifications (12, 37) is an invaluable approach. Previously established methods, however, were unable to directly quantify the extent of thiol-modified protein and identify the cysteines affected. These are, however, crucial pieces of information needed to determine the physiological and evolutionary significance of thiol modifications. For these precise reasons, we have now developed the differential thiol trapping technique termed OxICAT. Our method provides one with a quantitative assessment of the global in vivo thiol status of proteins during nonstress and distinct oxidative stress conditions. OxICAT, which is applicable to a variety of different cell types and organisms, is a highly powerful tool to precisely monitor physiologically relevant redox-mediated changes as organisms experience oxidative stress. In combination with large-scale genetic screens, we identified redox-regulated proteins, which play important roles in the oxidative stress protection of the organism. These proteins in microbes might provide attractive targets for antimicrobial therapies, whereas equivalent studies in eukaryotic organisms might allow the development of more effective antioxidants.
Materials and Methods
Bacterial Strains, Cell Growth, and Harvesting. E. coli DHB4 (FЈ lac-pro lacIQ/ ⌬(ara-leu)7697 araD139 ⌬lacX74 galE galK rpsL phoR ⌬(phoA)PvuII ⌬malF3 thi) was grown aerobically in glucose Mops minimal medium (38) containing 40 g/ml L-leucine and 10 M thiamine at 37°C until OD600 of 0.4 was reached. Then, the cultures were split and incubated with either 4 mM hydrogen peroxide (H 2O2) or 500 M sodium hypochlorite (NaOCl) for 10 min. For OxICAT analysis, 1.7 ml of cell culture were directly harvested either before (control) or after addition of the oxidants onto 200 l ice cold 100% (wt/vol) trichloro acetic acid (TCA) to stop all thiol-disulfide exchange reactions (10) . To test the reversibility of thiol modifications introduced by NaOCl, cells were supplemented with 320 mg/ml chloramphenicol just before the addition of NaOCl. Aliquots were removed after 10 and 60 min. Strain list and viability assays are described in SI Appendix.
Preparation of Reduced and Oxidized Hsp33. Reduced and oxidized Hsp33 was prepared as described (20) . To activate Hsp33, reduced Hsp33 was incubated with 2 mM H 2O2 for 1 h at 43°C. Aliquots were removed and the influence of Hsp33 on the aggregation of chemically unfolded citrate synthase at 30°C was assayed as described in ref. 20 . For OxICAT analysis, proteins were precipitated with 10% (wt/vol) TCA.
Differential Thiol Trapping Using ICAT. The TCA precipitates were centrifuged (13,000 ϫ g, 4°C, 30 min) and the pellet was washed with 500 l ice cold 10% (wt/vol) TCA and 200 l ice cold 5% (wt/vol) TCA. The pellet was then dissolved in 80 l of denaturing alkylation buffer (DAB), consisting of 6 M urea, 0.5% (wt/vol) SDS, 10 mM EDTA, 200 mM Tris⅐HCl, pH 8.5, and the contents of one vial of cleavable light ICAT reagent (Applied Biosystems, Foster City, CA) dissolved in 20 l of acetonitrile (ACN). The sample was incubated at 900 rpm for 1 h at 37°C in the dark. To remove light ICAT, the proteins were precipitated with 400 l of prechilled (Ϫ20°C) acetone for 4 h at Ϫ20°C. After centrifugation (13,000 ϫ g, 4°C, 30 min), the pellet was washed twice with 500 l of prechilled acetone. Then, the protein pellet was dissolved in a mixture of 80 l of DAB, 2 l of 50 mM Tris(2-carboxyethyl)phosphine hydrochloride (TCEP), and the contents of one vial of cleavable heavy ICAT dissolved in 20 l of ACN. The sample was incubated at 900 rpm for 1 h at 37°C in the dark. The protein was acetone-precipitated and washed as described. Methods to control for labeling efficiency are described in supplemental information. Tryptic digest of the ICAT-labeled peptides, their enrichment on streptavidin columns, cleavage of the biotin tag and the LC/MS analysis are described in SI Appendix.
Data Analysis. Our OxICAT data were analyzed by using an extension of the existing open-source program msInspect (see SI Appendix). Mass signals with identical elution profiles and a mass difference of 9 Da or multiples thereof were combined to generate ''ICAT pairs.'' MS/MS identification was assumed significant if an ion score of 95% or higher was reached. Identifications of just one isotopically labeled form were assigned to the complete ICAT pair. If an ICAT pair was found in more than one fraction, the ICAT pair in the fraction with the highest intensity was used for the calculation of the percentage of oxidized peptide. For the calculation of the percentage of oxidation of any given peptide, the average percentage of oxidized peptide of three independent experiments was used. Peptides that revealed an increase of at least 1.5-fold in the fraction of oxidized peptide upon oxidative stress treatment when compared with control conditions were considered as potentially redoxsensitive. In the case that no oxidized peptide was detected under control conditions, the fraction of oxidized peptide under oxidative stress conditions had to be at least 10% of the total protein to be considered physiologically relevant.
